Hibernation patterns were monitored continuously for 2.5 years in female squirrels that were neurologically intact or in which the hypothalamic suprachiasmatic nucleus (SCN) was completely ablated (SCNx). The number of hibernation bouts in SCNx squirrels increased by 159%, total hibernation time increased by 58%, and periodic arousals from hibernation were 47% longer in SCNx than in control squirrels; the duration of individual torpor bouts was 2 days shorter and far more variable in SCNx than in control animals. Some SCNx squirrels cycled through bouts of torpor continuously for nearly 2 years. The SCN appears to be part of the mechanism that controls the duration of the hibernation season and the temporal structure of individual torpor bouts.
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Almost 2 centuries ago hibernation was described as "a continuance of life under the appearance of death, a loss of sensibility and of voluntary motion, a suspension of those functions most essential to the preservation of the animal oeconomy" (1) . Although many functions are indeed "suspended" during hibernation, modern perspectives emphasize that hibernation is a tightly regulated process largely controlled by hypothalamic structures (2) . Hibernators maintain reduced body temperatures (Tbs) that are lethal to mammals incapable of hibernating, and remain virtually immobile for days to weeks at a time (3) . Hibernation helps mammals contend with energetic challenges imposed by prolonged food shortages and low ambient temperatures (Tas) during winter months.
During the hibernation season, which for golden-mantled ground squirrels typically lasts 5-7 months, Tb declines to close to ambient temperature (4). Squirrels do not remain torpid continuously; each individual typically arouses at intervals of 2-14 days, remains euthermic (Tb = 37°C) for less than 1 day, and then reenters hibernation (4) . The mechanisms that time the onset and end of the hibernation season, the duration of individual torpor bouts, and periodic arousals from torpor remain unknown (3), but it is clear that a circannual clock times the onset and termination of the hibernation season (5) . The period of this rhythm is approximately 10.5 months in squirrels held in constant temperature and photoperiod in the laboratory (5) . Timing of hibernation is crucial to survival. Hibernators must emerge from their underground hibernacula and mate early enough in the spring so that offspring can be weaned during peak seasonal food availability. Both young and adult squirrels must acquire sufficient energy, either as stored body fat or food caches, for successful overwintering. Accurate temporal organization of hibernation is achieved despite the fact that, while torpid, squirrels live in constant darkness for one-half of each year and are not exposed to seasonal variations in day length, the proximate factor that synchronizes most annual rhythms in mammals (7) . The brain mechanisms that time hibernation have been elusive. Several neural insults interrupt or prevent hibernation and in one case hypothalamic damage prevented squirrels from arousing from hibernation (8); these interventions have not, however, identified any hibernation clocks. As Lyman points out "manipulations which appear to increase the incidence of hibernation are few, but they are the more revealing because they may give clues to the primary factor or factors which bring on the hibernating state" (3). Thus, neural interventions that substantially prolong hibernation may implicate specific neural structures involved in regulation of the hibernating state.
The hypothalamic suprachiasmatic nucleus (SCN) undergoes phase-specific changes in 2-deoxy-D-glucose uptake during the hibernation cycle. Relative to other neural structures, SCN metabolic activity is low during euthermia, rises during entrance to torpor, and remains one of the most active brain structures during deep torpor (9) (10) (11) . Expression of the transcription factor c-fos increases markedly in the SCN, but not in other hypothalamic neurons, during arousal from torpor (12) . Additionally, some squirrels with SCN damage manifest dissociated circannual body mass and hibernation cycles (13) . We now report that ablation of the SCN greatly extended the duration of the hibernation season in female ground squirrels. In all squirrels with complete SCN ablation, the temporal structure of individual torpor bouts and periodic arousals from torpor were substantially changed; one-half of these animals cycled through bouts of hibernation continuously for almost 2 years without interruption.$
MATERIALS AND METHODS
Female golden-mantled ground squirrels (Spermophilus lateralis), born in the Berkeley laboratory, were weighed weekly from weaning until the end of the study. They were kept at Ta = 23°C in a 14:10 photocycle. At 2-3 years of age squirrels at or near their trough body mass sustained radio frequency lesions aimed at the SCN. Animals were deeply anesthetized with pentobarbital sodium and bilateral lesions made as reported (13) . An analgesic solution (60 mg acetaminophen and 6 mg codeine phosphate/100 ml) was added to the drinking water for the first 4 days after surgery.
One to two years after surgery, all of the animals had radio frequency transmitters implanted intraperitoneally so that Tb could be recorded by telemetry. Calibration and implantation of transmitters-and computer programs for data analysis were as described (14) . Two weeks after this second surgery, animals Abbreviations: Tb, body temperature; Ta, ambient temperature; SCN, hypothalamic suprachiasmatic nucleus; SCNx, complete ablation of the SCN; PSCNx, partial ablation of the SCN; CH, continuous hibernation; NCH, noncontinuous hibernation. §To whom reprint requests should be addressed. 1Portions of these data were presented at the Hibernation Symposium, Life in the Cold, Crested Butte, CO, October 2-8, 1993, and at the Society for Neuroscience meeting, San Diego, CA, November 11-16,
1995.
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Proc. Natl. Acad. Sci. USA 93 (1996) (1996) alternated distinct hibernation seasons with intervals of euthermia (Fig. 1, nos. 19 and 12 ). SCNx squirrels spent 58% more time in torpor than did control animals during the 2.5 years of Tb recording (Fig. 2A) . During the normal hibernation season, however, control animals were torpid 10% more of the time than SCNx squirrels (Fig. 2B) . The period of circannual hibernation rhythms (i.e., the interval between successive onsets of the hibernation season) did not differ between SCNx-NCH and control animals (10.5 ± 0.5 vs. 10.5 ± 0.6 months); however, the interval between the end of one hibernation season and the beginning of the next was shorter for SCNx-NCH than for control squirrels (4.1 ± 0.8 vs. 5.1 ± 0.4 months; P < 0.05), so that hibernation seasons were 1 month longer (6.4 ± 0.5 vs. 5.4 ± 0.3; P < 0.05) in SCNx-NCH than in control animals.
SCNx was associated with substantial changes in temporal organization of hibernation. In SCNx squirrels, the number of discrete torpor bouts was more than doubled (Fig. 2C) and the mean duration of individual torpor bouts was 2 days shorter than it was in control animals (Fig. 2D) . There also was a 47% increase in the duration of each periodic arousal from torpor ( (Fig. 2C ). There were no differences in the mean minimum Tb attained during torpor bouts among SCNx, PSCNx, and control animals or between SCNx-CH and SCNx-NCH animals (Fig. 2F) Hibernation behavior for control (Con, n = 6), SCNx (n = 8), and PSCNx (n = 4) squirrels. Time torpid is given as the percent of time animals were torpid during the entire study (A; % recording time) and during the hibernation season only (B). A hibernation season was defined for all animals as an interval during which torpor bouts were separated by <10 days. Minimum Tb (F) is the mean (±SE) lowest Tb attained during torpor bouts >36-hr duration. Bout duration (D) and euthermic intervals (E) represent the mean (±SE) duration that Tb was < and > 34WC, respectively, during hibernation. Asterisks indicate that values differ significantly from those of control squirrels (P < 0.05). Open bars in each panel present data separately for SCNx squirrels that were continuous (CH, n = 4) or noncontinuous (NCH, n = 4) hibernators and asterisks denote that these two groups differed significantly (P < 0.05). dorsoventral axis was most consistently associated with abnormal hibernation.
DISCUSSION
Destruction of the SCN greatly extended the duration of the hibernation season and affected temporal features of individual torpor bouts. We interpret the disruptions in temporal organization of hibernation after SCN ablation to mean that in the intact animal the SCN is involved in timing several aspects of torpor, including the duration of individual hibernation bouts and the termination of hibernation at the end of the winter. Several considerations lead us to believe that disruption of seasonal hibernation rhythms consequent to SCN damage is not caused by the concurrent loss of circadian organization (15) . This conclusion is based on the persistence of circannual rhythms of hibernation onset in SCNx-NCH females. The period of the circannual rhythm in these animals was identical to that in control females, despite the elimination of circadian rhythms in the former animals (N. F. Ruby, J.
Dark, H. C. Heller and I. Zucker, unpublished work). Additional circumstantial evidence favoring the independence of circannual from circadian rhythms comes from the persistence of circannual body mass and reproduction rhythms in SCNx squirrels with confirmed disruption or elimination of circadian rhythms (15) . The independence of the period of the circannual rhythm from the period of the circadian rhythm also has been confirmed for body mass and estrus in squirrels entrained to 23-and 25-hr T-cycles (16, 17) , but a similar assessment for hibernation has not been reported. In addition to its welldocumented role as a circadian pacemaker in euthermic mammals (18) , the SCN is well-suited for a critical role in timing hibernation; its neural activity is preserved over a wide range of tissue temperatures (19) and its metabolic activity remains relatively high during deep torpor (9) , when low body temperatures may suppress neural activity in other structures.
The precise location within the SCN of neurons critical to timing of hibernation remains unknown. The comparable disruptions in hibernation among SCNx and PSCNx animals does, however, strengthen the argument that the critical area of damage was in, rather than adjacent to, the SCN. We assume that among squirrels with complete SCN lesions based on Nissl staining, anatomical and/or neurochemical differences account for the continuous hibernation behavior in one subset of animals and termination of hibernation for intervals of several months in a second subset. The SCNx-CH animals may have sustained damage to a critical region that was spared in SCNx-NCH squirrels; these differences may not be detectable with the methods used in the present study. Future experiments employing more quantitative approaches may help resolve this issue.
The elimination of pineal melatonin secretion after SCN ablation (e.g., ref. 20) cannot account for the principal changes in hibernation behavior reported after SCN damage. Pinealectomy is associated with a modest increase in the number of arousals per hibernation season (21) , but the total amount of time spent in hibernation is not increased, nor do any pinealectomized animals manifest continuous hibernation. The SCN may contribute to seasonal timing of hibernation by tonically inhibiting hibernation during the late spring and summer months when reproduction and the subsequent accumulation of large fat stores prior to winter require squirrels to be active above ground (6) . Alternatively, the SCN may not constrain hibernation during this time, but may be instrumental in generating or responding to signals that promote the termination of torpor at the end of the hibernation season in early spring.
During a normal hibernation season, golden-mantled ground squirrels eat very sparingly, if at all, during periodic arousals from torpor (22) . SCNx squirrels that hibernated nearly continuously for almost 2 years most likely eventually depleted most of their stores of body fat and, thus, may have had to rely on increased food intake during euthermic intervals to provide energy to sustain hibernation. As a result, the longer euthermic intervals between successive torpor bouts manifested by SCNx-CH squirrels may be driven by the necessity to consume and digest food during periodic arousals; this possibility remains to be evaluated. The shorter torpor bout duration of SCNx compared with control squirrels also may reflect decreased energy availability due to depleted white adipose tissue reserves (23) . In this investigation we were reluctant to disturb squirrels by weighing food during periodic arousals. The use of automated equipment for monitoring food consumption should permit resolution of this question in future studies.
